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AN ANATLYSIS OF CONTROL REQUIREMENTS AND CONTROL PARAMETERS

FOR DIRECT-COUPLED TURBOJET ERGINES

By David Novik and Edwsard W. Otto

SUMMARY

Requirements of an automatlc englne control, am affected by
engine characteristlcs, have been anaslyzed for a direct-coupled
turbojet engine. Control parameters for various conditions of
engine operation are dlscussed. A hypothetical englne control
is presented to lllustrate the use of these parsameters.

An ad justeble-speed lsochronous governor was found to offer
a desirable method of over-all engine control. The selectlon of
a minimum value of fuel flow was found to offer & means of pre-
venting unstable burner operation during steady-state operation.

Until satisfactory high-temperature-measuring devices are
developed, alr-fuel ratio is considered to be a satisfectory
accelerstion-control pareameter for the attelmment of the maximom
acceleration rates conglstent with safe turbine temperatures. No
denger of unsteble burner operetion exlsts during acceleratlion 1if
a temperature-limiting accelersation control is assumed to be
effective.

Deceleration was found to be sccompanled by the possibllity
of burner blow-out even if a minimm fuel-flow control that pre-
vents burner blow-out during steady-state operstlion ls assumed to
be effective. Burner blow-out during deceleration may be elimil-
nated by varying the value of minimm fuel flow as 2 function of
compressor-discharge pressure, but in no case should the fuel flow
be allowed to fall below the value required for steady-state
burner operation.

INTROINICTION

An analytical Investigation ls being conducted at the NHACA
Cleveland lsboratory to determine requirements of subtomatic engline

JINCLASSIFIED
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controls for turbojet engines. As part of this investigation, the
requirements of an automatic engline control for a direct-coupled
turboJet engine with a fixed exhaust-nozzle area have been analyzed.

The turbojet engine was originally consldered to require only
a very simple control system, Experlience has shown, however, that
turbojet engines may encounter difficulties that result from exces-
sive engine speeds, from excessive temperature, and from unstable
burner operation. With manual control, the operation of the engine
within safe 1limits of speed, temperature, and burner operation 1s
left to the discretion of the pllot, and the possibilities of
engine fallure aere thereby incressed. As an slternstive to manual
control, the engline deslgn can be so reatricted that some of the
englne difficulties are eliminated or minimized, but this restric-
tion is usually acccamplished at substantial cost In thyust output
and efficlency. An automatic engine control is therefore deslrable
in order to eliminate engline operating hazerds, to relieve the
pilot of responsibility for functions that may be difficult or
impossible to perform under all conditions of operation, and to
maintain optimum engine performance.

A prerequisite for the dealgn of an automatic engine control
is a knowledge -of the englne-control requirements and the control
parameters that are indicative of these requlrements. The
varigbles of dlrect-coupled Jet-engine operatlion are dlscussed
and evaluated as parameters upon which the control of the engine
operating conditions may be based in order that the full perform-
ance potentialities of the engine may be realized without exceed-
ing safe operating limits. The control requirements and control
parameters for steady-state operstion, acceleration, end decelera-~
tion are analyzed, end & hypothetical control based on this ensl-
ysis and such other considerations as starting, idling, stopping,
and emergency fuel supply is described in appendix A.

Data from a typlcal direct-coupled turbojet engine installed

in a typical high-speed alrcraft in level flight are used as a
basis for the determination of engine-control requirements.

STEADY-STATE OPERATION

The desired characterlstics of a steady-state control for any
type of engine may be summarlzed as follows:

1. The control should cause the engine to so operate that the

desired operabting charscteristics of the driven machine are
obtained.

ANRRIRNTIEY



763

NACA BM No. E7I25a ™, 3

2. The control should limit the englne to safe and stable
operating conditions.

3. The control should operate the englne at maximum economy
under all conditions when the engine design 1s such that this type
of operation 1s possible.

In & turbojet englne with a dlrect-coupled turbine and com-
presgor and a fixed exhaust-nozzle area (fig. 1), the required
engine thrust at each altitude and elrplane speed 1ls obtalned from
the combustion of & definite amount of fuel. All other engine
variables and efficiencles are therefore predetermined when the
choice of altltude and alrplene apeed is made. Thils character-
istic precludes any conslderatlon of englne efflcilencles in the
design of e steady-state control, and the control problem for the
turbojet engine then resolves ltself into the most desirable method
of controlling the fuel flow to obtaln characterlstics 1 and 2.

Basic Steady-State Control Methods

From the foregoing considerations, three general methods of
control are possible:

1. The airplene speed may be maintained constant regerdless
of aircraft altitude or attlitude by & varlebly set ailrplane-speed-
senslitive device controlling the fuel flow.

2. The alrplane speed may be maintained constant regardless
of alrcraft altitude, but only in level Flight, by a control call-
brated to the level-flight relation of fuel flow and alrplane speed
of a particular combination of airplene and engine.

3. An engine parameter (speed, temperatures, smnd so forth}
may be controlled, which for constant wvalues of the parameter
results in a substantially constaent level-flight alrplane speed
for all altlitudes, if such a parsmeter exists.

Before any of these methods can be considered feasible control
methods, the relation between the controlling perameter, or
variable, and the fuel flow must be shown to vary consistently
over the power and altitude ranges; that 1s, no double values of
fuel flow should exist for any value of the controlling parameter.

Constant-airplane-speed control for all altitudes and attltudes.

The relation of alrplane speed to fuel flow for steady-state opera-
tion in level flight 1s shown In figure 2. The course of variation
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of fuel flow with alrplane speed 1s consistent over the power range
and at each altitude; therefore, this method of control can be con-
gldered feaslible by this criterion. An absolute constant-airplane-
speed control, however, would vary the fuel flow untll the apeed
setting was satisfied, which would cause undesirable fluctuations
In engine speed during climb and dive maneuvers. These unwanted
accelerstions and decelerations could materially shorten the life
of the engine. A control of thils type would also glve airplane-
apeed-control characterlstics that are unfsmillar to pillots.

Constant~alrplane-speed control for 211 altitudes in level
flight. - A control to malntelin airplene speed constant in level
£light only would be so altitude-compensated that at a glven
control-lever setting the correct amount of fuel would he metered
to the engine at each altitude to obtaln a glven alrplane apeed
according to the relatlon of fuel flow to airplane apeed shown In
figure 2. This method of control would not attempt to hold the
alrplane speed constant during climb and dive maneuvers and there-
fore would not cauwse serlous fluctuations 1n engine speed although
some changes 1ln engine speed would result because of the change in
rem pressure. Also, because the relation of fuel flow to alrplane
speed is consistent at each altltude, this method of control can
be conslidered feaslble. Thls method is gimilar to the campensated-
fuel-control method in use on some of the current turbojet englnes.

Engine-parameter control. - The use of an engine parameter as
an indirect means of controlling the alrplane speed is g direct
control of the engine. Engine parameters In general, however, do
not necessarily bear a consistent relation to alrplene speed. If
a parameter is found that results in a substantlally constant alr-
plane speed for a glven value of the paremeter, then this parameter
would present =z more deslrsble means of control than those pre-
viously suggested.

The relations between fuel flow and the parameters, burner-
outlet temperature, alr-fuel ratlo, net thrust, and englne speed,
are shown in figurea 3 to 6, respectively. The parameters burner-
outlet temperature and alr-fuel ratio (figs. 3 and 4, respectively)
do not bear a consistent relation to fuel flow (some of the curves
have two possible values of fuel flow at a single value of the
peramster) and are therefore unsuitable for control. In addition,
burner-outlet temperature is very difficult to measurs. Net thrust
does bear a consistent relation to fuel flow, but at a constant
value of net thrust the airplane speed varies widely with changes
in altitude (fig. 5). Engine speed (fig. 6) varies consistently
with fuel flow and at alrplane speeds greater than approximately

RN - -,
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350 to 400 mlles per hour & constant value of engline speed results
in a substantially constant alrplane speed for level flight. There-
fore, this method can also be consldered a feaslble method of
control.

Choice of Control Method for Steady-State Control

As indicated previously, the use of a varlably set airplane-
speed-gsensing device controlling fuel flow as a baslc steady-state-
control method results 1in undesirable asccelerations and decelera-
tlons of the engine during climb and dive maneuvers. Xach of the
other methods of control results in a substantially constant air-
plane speed regardless of altitude for a gilven control-lever set-
ting, but only in level fllight, end avoids undesireble accelerations
and decelerations of the engine. These methods thus achleve the
desirgble characteristic of constant alrplane speed for level flight
for each conbtrol-lever settlng without undesirable fluctuations of
englne speed. Level-flight constant-alrplane-speed conitrol and
engine-speed control are therefore consldered more practicel than
the absolute constant-alrplane-gspeed method. Between these two
methods the choice 1s about equal except for the following reasons,
which favor the use of englne speed as a control method:

1. A speed governmor is regquired to limit meximum englne speed
regardless of the method used for steady-state conitrol and its use
as the basic steady-state control eliminstes the need for addl-
tional control components.

2. Altitude compensation is unnecessary except that an adJust-
ment of governmor sensltlvity with altitude would probably be
required.

The use of engline speed as a basic steady-state-control method is
therefore consldered the most sabtlsfactory method.

Engline Limil.ations

Limitation on engine speed and burner-outlet temperature by
turbine stress. - Control of the turbojet englne requlres con-
sideration of the stress limitations of the turblne wheel, which
are due to the cambination of high temperatures and high peripheral
veloclties to which the turbine is subjected. Inasmuch as the
turbine-blade temperature (turbine-blade temperature being assumed
proportional to burner-outlet temperature) and engine speed
increase simulteneously at their high values (fig. 7), & condition
of simultaneous maximm allowable temperature and maximum allowable

e
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engine speed exlsts for steady-stete operation at maximum airplane
speed at sea level. The most obvious method for the prevention of
exceas turblne stress is by the use of a governor that limitae
engine speed and coincidentally limits engilne temperatures. Such
a method 1s now commonly used.

Prevention of unstable burner operation. - In addition to the
stress limitatlions of the turbojet engine, a reglon of unstable
burner operation may exlst where combustion becames erratic and
blow-out occurs. The paramsters that influence burner operation
muat therefore be investigated. A dlascussion of the effects of
Inlet velocity, lnlet tempersture, inlet siatic pressure, and
burner temperature rise on burner operation is presented in refer-
ence 1. The turbojet engine 1s usually so designed that the
adverse effects of high Inlet velocitles and low inlet tempera-
tures on burner efficlency are avolded. Thus, for a given engine
thegse effects of inlet-alr velocity and temperature are small.
Furthermore, for an engine in which critical flow exlsts at the
turbine nozzles, the burner veloclty and temperature can be
expressed as functlions of the burner pressure and temperature
rise (reference 2) so that a region of stable burner operation
gimiler to that shown in figure 8 (reproduced from reference 3)
may be expressed in terms of the temperature rise through the
burner and the burner pressure, which may be assumed equal to
the compressor-discharge preasgure.

If steady-state operating condltions are superimposed on
figure 8, a3 in figure 9, 1t may be seen that for certalin condi-
tions of stesdy-state operation the limits of stable burner opera-
tion can be exceeded. For example, the points at airplane speeds
of 200 and 300 miles per hour for an altitude of 35,200 feet and
the point at 200 miles per hour for 25,050 feet are outside the
boundaries of the burner-operation curve. A means for preventing
attempted engine operation at conditions that could result in
burner blow-out must therefore be determined.

Exemination of flgure 9 reveals that a compressor-discharge
pressure maintained sbove 18 pounds per square inch absolwte would
eliminate attempted englne opersgtlon outside the region of com-
bustion stabllity. Malntenance of thls pressure would, however,
also eliminate possible engline operation over a wide range of
alrplane speeds at the high altitudes in which engine operation
would normally be possible. Maintenance of a fixed minimum
compressor-discharge pressure 1s conseguently not regarded as a
completely satisfactory method of limiting engine operation to
the reglion of stable burner operation.

GERFTTENTIRYY
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A study of flgures 6 and 9 shows that in the region of opera-
tion where burner blow-out occurs low values of fuel flow are used.
This relation suggests the possibillty of avoiding burner blow-out
by setting a minimum value of fuel flow. Fuel flow 1s plotted
against burner temperature rise in figure 10 (for calculations,
see appendix B) and the results indicate that for these deta a
minimum fuel flow of 1025 pounds per hour would elliminate the
points of steady-state operastion that fall outside the regilon of
stable burner operation (fig. 9). In the lower right-hand corner
of figure 10, the critical region of burner operatlon is replotted
and the dashed curve shows the approximate 1limit of the range of
burner operstion permitted by the selection of a minlmum fuel flow
of 1025 pounds per hour.

The attalmment of engine ceiling depends upon the burner-
stabllity characteristics. As altitude is increased, the selected
minimim fuel flow results in increased engine speeds, possibly up
to the altitude gt which minimum fuel flow would resulit 1n maxi-
mum allowable englne speed (fig. 6). No definite statement can be
made, however, that the altlitude at which this maximum alloweble
engine speed would occeur ls the operatlonal limit of the englne
because before such an altitude ls attalned the compressor-
discharge pressure mesy very possibly fell below the value reguired
for burner operatlon. Insufficlent data prevent a more complete
anglysis of the factors that affect engine cseiling.

ACCELERATTION
Basic Operatlonal Requirements

Acceleration of a direct-coupled turbojet englne 1s accom-
plished by en increase in the fuel-flow rate, which increases the
temperature of the combustion geses and the speed of the turbilne
and the compressor. Inasmuch asg fuel is added before alr con-
gumption is increased, rich alr-fuel ratlos are obtalned until
the turbine and the compressor reach the new equilibrium speed.
Accelseration therefore produces combustlon-gas temperatures that
may cause the turblne-stress lImltabtlons to be exceeded.

For safe engine operatlion, the temperature should be limited
" to some meximum alloweble value over the entire period of accelera-
tion. At the same time, the temperature should be malntained at
the maximum allowable value in order that maximum acceleration may
be obtained. The allowable value of meximum temperature mey be
samewhat higher than that for steady-state operation beceause of
the relatively short time required for acceleration and because the
final equillibrlum engins speedrig__as yeb ___u%attained.

E : ° - » §
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In this analysis, burner-outlet temperature is considered
indicative of the limiting engine temperature. In actual prectice,
the temperature of the turbine blades is usually critical but
turbine-blade temperature cannot be practically measured. Some
other temperature must therefore be mesassured that is proportionsl
to turblne-blade temperature durlng acceleration. Because all
other combustion-gas temperatures are functions of the burner-
outlet temperature, turbine-blade temperature has been assumed in
this analysis to be a functlion of burner-outlet temperature.

Virtually any method used to determine the temperature of the
combustion gases must necessarlly assume a uniform temperature dis-
tribution through the various components of ithe engine. Over-all
temperature indications cannot take into account local hot spoba
that could concelvably result ln engine failure; comsequently,
problems of spray uniformity, fuel distribution, air distribution,
and so forth, must be solved before any acceleration control can
be expected to function properly.

Direct-temperature measurement. - The operation of a temperature-
1imiting device for acceleration involves the measurement of the
burner-outlet tempersture and modulation of the fuel supply to pre-
vent this temperature from exceeding the safe limit. Although &
method of dlrect measurement of the temperatures encountered in
turbojJet engines 1s as yet undeveloped, such measurement would per-
mit a straightforward method of acceleration control. The electro-
motive force from a thermocouple, for instance, could be amplified
and used to position a valve in a fuel-bypass line.

Possibly the temperature of the exhaust gas in the tall pipe
can be measured as an indication of the limliting temperature for
acceleration. At this polnt, the temperature of the cambustion gas
is at ita lowest value, and measuring devices such as thermocouples
or differential-expansion ingtruments would be quilite rellable. The
temperature of the exhaust gas In the tall pipe, however, 1s not
proportional to the burner-outlet temperature during escceleration,
and englne investigations are requlred before it can be definitely
ascertained whether the exhaunst-gas temperature 1s substantially
proportional to the turbine-blade temperature.

Burner heat bglance, -~ Inasmuch as direct measurements of
combustlon~gas temperatures are as yet considered unsetisfactory,
other means of obtalning an indication of burner-diacharge tempera-
ture have been Investligated. If a heabt balance 1ls taken across the
burner, an equation for burner-outlet temperature can be obtained
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in terms of air flow, fuel flow, and compressor-discharge tempera-
ture. On the bagls of thls heat balance, the possibilities of
1imiting burner-outlet temperabure as a function of englne vari-
gbles or of imposing elther & maxrimm allowable fuel flow or a
minimum allowable alr-fuel ratioc can be analyzed.

The heat added 1n the burner can be equated to the tempera-
ture rise of the masses involved as follows If the heat necessary
to vaporize the fuel and to heab it to the Ilnlet-alr tempersbure
is neglected (the error is small because the air flow is very large
compared with the fuel flow):

We by = Wa 0p,a (Tg - T3) + Wp op ¢ (T4 - T3)

= (T4 - T3) (W, Cp,a + ¥r cp,£) (1)
where
We woelght rate of fuel flow
h lower heating value of fuei
Ty efficliency of burner
Wq welght fate of alr flow
cp, a B&verage specific heat for air at constant pressure between
temperatures T, and Tz
Ty burnsr-outlet temperature
T compressor-discharge (burner-inlet) temperature
cp’f average specific heat for fuel at constant pressure

between temperatures T, and Tjz

Inasmuch as Wy 1s small compared with Wg, only a small error is
introduced by assuming an over-2ll value of Cp where Cp is

defined as the average specific heat for a mixture-aof alr and fuel
at constant pressure between the temperatures T4 and Tz. Equa-
tion (1) may then be simplified to

Ve b np = op (Ty - T3) (Wg + We)

m ey
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and if hfcy, = K where K 1s a constant
Wf X T]b = (T4 - Ts)(Wa + Wf) (2)

Equation (2) can be rearranged and solved for burner-outlet
temperature, for fuel flow, or for alr-fuel ratioc. If a maximm
allowable value for T, 1is assumed, various maximum allowable

values of fuel flow or minimum sllowable values of alr-fuel rsatio
can be obtalned, depending upon engine operating conditions:

(3)

a
Wf = -W (4)

T, -T5

K n
Wa_ — B 4 (5)
W  Ty-T3

Fach of these equations may be investigated for use as an
acceleration-control equation.

Maximum alloweble temperature. - For the application of equa-
tion (3), the guantities represented by the variables on the right-
hand side of the equation must be meessured and the summation of
these variables balanced agalnst a constant that has been previously
determined as the maximum allowable temperature T, for accelera-

tion. The burner efficlency may be obtained as a function of burner
temperature rise and compressor-discharge pressure (assumed equal

to burner-inlet pressure) from figure 11 (reproduced from refer-
ence 3), and equation (3) can be rewritten as

K £[(Ty -~ T3),
T, = Ty + [(w: 3), P3] ©)
ﬁ_+1
£

where

SSEFTTRUIRY .
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P3 compressor-discharge pressure

The required number of measurements and iIntegratling mechanisms
necessary for an acceleratlion control based on the reletions shown
in equetion (6) makes such a control one of prohibltive complica-
tions,

Maximum allowable fuel flow. - In eguation (4), the burner
efficiency may agaln be expressed as a function of compressor-
discharge pressure Pz and burner temperature rise Ty - Tz

(fig. 11); and the air flow W, can be expressed as a function

of engine speed N, compressor-inlet pressure P,, and compressor-
inlet temperature T, according to figure 12. Egquation (4) then
becomes

f(N: Pg, TZ)

K £ [(Ty - T3), Pg| _ .
Ty - T3

(7)

We =

Because Pz and Tz are functions of N, Py, and T, and because
TA__ mey be takén as a constant assumed for the maximum alloweble

burner-outlet temperature during acceleration, the fuel flow can
be expressed as a functlon of N, Pp, end T;. Figures 13 to 15

illustrate these relations. (The calculatlions are presented In
appendix B.) The calculations are based on a maximum allowable
burner-outlet temperabure of 2000° R, which is assumed to be the
limiting temperature over the entlire speed range. In figures 13
to 15, the maximum sllowable fuel flow is plotted as a function of
two of the parasmeters for two values of the third parsmeter. In
each case a variation of the third parameter ralses or lowers the
surface and also changes the shape. This characteristlic indicates
that the relation of the maximmm allowable fuel flow to any com-
bination of the three parsmeters N, P, and Ty 1s quite com-

plicated and that a conbtrol based on these parameters would be
virtually impossible to comstruct.

Minimumm air-fuel ratic. - One varigble is, in effect, elim-
inated from equation (2) by solving for air-fuel ratio as a single
variable. When T4 - Tz &and Pz are substituted for burner

efficiency in equation (5), the minimum allowable air-fuel ratioc
for the assumed maximum velue for T, becomes a function of only

two variables, Pz and Tz.

EEDETTITD
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E=Kf|:(T4-T3), Pz] . 8)
We Tg - T3

Thus, for varlous values of Pz and Tz, there are minimum values
of Wg/We such that the maximum allowable temperature assumed for

Ty 1s attained but unexceeded. The variation of minimum alloweble

alr-fuel ratio with compressor-dlschargs temperature and pressure
is shown in figure 16, which 1s based on a maximum alloweble burner-
outlet temperature of 2000° R. (For calculations, see appendix B.)

Equation (8) and figure 16 indicate that an acceleration con-
trol based on air-fuel ratio can be conslidered feasible. Such a
control would consist of & device to measure the alr-fuel ratlio to
the engine and balance it agaelnst the indication of the minimm
allowable air-fuel ratio obtalned from the integration of Py

and Ts.

Acceleration as Limited by Burmer Operation

As in steady-state operation, the possibility may exist that
acceleration can bring the engine into the region of unstable
burner operation shown In figure 8. With en assumed meximum allow-
able burner-outlet temperature of 2000° R, the burner temperature
rise at the flrst instant of acceleration has been calculated for
various initial alrplane-speed and altitude condltions of steady-
stabte operation. The results of these calculations are shown in
filgure 17, superimposed on the burner-operation curve of figure 8.
For the data used, acceleratlion would always be within the reglon
of stable burner operation. The trends indicate, however, that
for allowable burner temperatures appreciably ebove the assumed -
value of 2000° R, the limits of stable burner operabion could be
exceeded during acceleration. This possibility is precluded by
the use of an acceleration control that limits the maximm burner
temperature to a sultable value.

DECELERATION

Analysls of the control regulrements for deceleration
involves only the limlting conditions of burner opgration. The
region of unsteble burner operatlon may be encountered during
deceleration because a sudden decrease in fuel flow iz accompanled
by a rapid reduction in burner-outlet tempersture such that the

ARy
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temperature rise mey be below that required for stable burner
operation. The temperature rises that would exiset upon instant
deceleration to a minimm fuel flow of 1025 pounds per hour (with
no Instantaneous reduction in compressor-discharge pressure or
engine alr flow assumed) have been calculated by the method shown
in appendix B, and the results are shown in flgure 18 together
with the burner-operation limits defined by figure 8 and the
gteady-~state burner-operablon points.

When the fuel flow is suddenly reduced to the minlimum value
during operetion at high alrplane speeds at low altlitudes, a
strong possibllity exists that the tempersture rises obtained
would be below those required for stable burner operation (fig. 18).
(The combustion efficiencies obtalned from fig. 11 require extra-
polation in this region and are therefors subject to error.)
Although a fixed minimm fuel filow is satlsfactory for malntalning
burner operation during steady-state operation, 1t is unsatis-
factory for deceleration.

If the burner temperature rises are arblirarily limited to
minimum values of 25° F above the boundary line betwsen stable
and unstable burner operation (shown in fig. 8) s Values of fuel
flow can be determined below which the temperature rise can be
assumed to he too low for stable burner operation. The fuel
flows thus obtalned would introduce a safety factor of 25° F in
the temperature rises required for stable burner operation. These
calculations are glven in appsndix B and the results are plotted
in figure 18. A line starting at a minimum fuel flow of
1025 pounds per hour can be drewn that represents a good gpproxli-
mation of the minimum fuel flow requlred to insure a temperature
rise sufficlent for the maintenance of burner stabllity upon
deceleration. An initial minimm fuel flow of 1025 pounds per
hour 1s chosen hecause this value satisfles the reguirements for
gtable burner operstion during steady-state operation, as shown
previously. The minimm fuel flow as 1ndicated by the heavy line
of figure 19 is always below the normal steady-state operating
requirements and therefore deceleration is always posalble.

Because the chosen relation besween minimm fuel flow and
compressor-dlscharge pressure, a8 shown by the heavy line of fig-
ure 19, provides for the steble-burner-operatlon requirements of
steady-state operation and deceleration, fuel flow as a function
of compressor-discharge pressure may be consldered the one param-
eter for prevention of unstable burner operation under any engine
condition.

MK- a3
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CONCLUSIONS

An analysis was made of the control regquirements and control
parameters of & &@irect-coupled turbojet engine. Although specific
data were used, the resulte and methods of analysis are belleved to
be applicable to any turbojet englne of the direct-coupled type.
The following conclusions were reached:

1. An adjustable-speed lsochronous governor offers a desirable
means of englne control for steady-state operation hecause:;
(a) Engine speed varies consistently with fuel flow; (b) at high
engline speeds, a substantlally constant airplane speed is main-
talned for a constant englne speed regardless of altitude;
(c) altitude compensation is not reguired; and (4) a governor is
required to limit maximum engine speed regardless of the method
used for steasdy-state control. The possibility of burner blow-
out at low alrplane speeds and high altltudes may be eliminated
by setting a sultable minimm fuel flow that eliminates attempted
alrcraft operation at these points.

2. Limlting the minimum allowable air-fuel ratic as a funciion
of compresaor-dlscharge pressure and temperature offers a feaslble
method of scceleration control untll satisfactory instruments are
developed for directly measuring high temperatures. The tempera-
ture 1limit imposed by an acceleration control also prevents the
engine from entering a reglon of unstable bhurner operation during

acceleration.

3. Deceleration 18 accompanied by the possibllity of unstable
burner operation (or possibly blow-out) especially during maximum
attempted deceleration from high alrplane speeds at low altitudes.
A flxed minimum fuel flow cannot practicably eliminate this possi-
bility, but a minimum fuel-flow setting that 1s varled as a functilon
of compressor-discharge pressure appears to offer a satisfactory
solution. The required minimum fusl flow increases with increeasing
compressor-discharge pressure and, if the lower limit of fuel flow
is fixed at the value reguired by blow-out limits for steady-state
burner operstion, compressor-discharge pressure may be used as a
control parameter for the prevention of unstable burner operation
under any engine conditlon.

Flight Propulsion Research Laborabtory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.
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APPENDIX A

DESCRIFTION OF A HYPOTHETTICAL CORTROL

In order to clarify end expand the discussion of conbrol param-
eters, a hypothetlcal engine control i1s presented (fig. 20)}. The
enalysis has shown that an automatic engine control should perform
the following functions:

l. Control fuel flow during steady-state operation for mein-
tenance of constant engine speed

2. Limit maximm allowable englne apsed

3. Prevent excesslve burner-outlet temperatures during
acceleratlon end permit sttalmment of maximum
acceleratlon

4. Eliminate possibllity of englne operastion in regions of
unstable burner operation

5. Provide for starting, 1dling, end stopplng the englne
6. Provide emergency fuel control

Speed control. - Requirement 1 is fulfilled by an adjustable-
speed isochronous governor x (fig. 20) that operates a balanced
bypass valve 1 by which fuel effectlively bypasses the fuel pump.
The governor is set for various speeds by setting a linkage 1p
that determines the englne speed at which a pilot valve m covers
the pllot-valve ports. A modulating piston n causes the governor
to so anticipate its settlng during changes in speed that, as the
engine approaches the set speed, the governor starts changing the
Ffuel flow toward the value requlred for the new set speed. A small
slot o causes the modulating piston to return to the seme posi-
tion at equilibrium conditions and thus keeps the governor linkage
in calibration. The function of the modulating plston is to pre-
vent overshooting and hunting. '

Requirsment 2 is fulfilled by a stop k on the pllot's con-
trol lever to prevent the pilot from selting a speed that might
cause overstress of rotatling parts.

- Acceleration control. - A control that malntalins and limits
burner-outlet temperature et the maximm allowgble value provides
the maximum permissible acceleratlion of the engine. As shown in

ﬂ-- - l-'-E_ =
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flgure 16, the burner-outlet temperature may be maintained at any
chosen value of maximum sllowable temperature by providing the
proper alr-fuel ratios, which depend on the compressor-discharge
temperature and pressure. BEquation (8) may be used as the control
equation and with & value for T, assumed at 2000° R is

K £ [(2000 - T3), P3]
= 2000 - T3 -7

QFLSS

If it 1s asgumed that the air flow i1s measured by a pltot-static
tube inserted in a compressor-discharge passage and the fuel flow
is measured by an orifice in the fuel line, the preceding equation

LA o i P g

C Ago/C1 P5/T5 APy K £ |(2000 - T5), Pz

Cz &¢ ,/Pp AP 2000 - Tz

C, Cy5 C3 constants

Ay total. area of alr-flow passages in one of which pitot
tube 1s installed

Ap area of fuel orifice

Py fuel density

APp, APp pressure differentials from air- and fuel-measuring
elenents, respectively

If A, end pp are combined with the comstants C, C;, Cp, and K
to form one consteant K., this equation may be eXpresged as

\/Ps/T5 8B, Ky £ [(2000 - T3), Pg]
Apa /APf . 2000 - TS

Because the excess fuel muat be bypassed back to the pump inlet in
order to provide a feasible method of control, the preasure differen-

tials AP, and APp may be equated by a set of balanced dilaphragms

‘.l.lll!!ll.lkﬁﬂW%
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X Ty

(with AP, imposed across one diaphragm and APp Iimposed across

an opposing diaphragm), which operate a balanced bypass valve. The
only remaining variable in equation (Al) capable of being variled as
a function of Pz and Tz is the area Ay and equation (Al)
becomes

.'P /T .
Ae = NT3/3 (42)
K, £ (2000 - Ts), PSJ
2000 - T3

which glves the required variation of the area Ap wlith the pres-
sure Pz and temperature Tz to obtaln a burner-outlet tempera-
ture of 2000° R. This variation may be obtained by the same method

used to obtaln figure 16 (see appendix B), that is, by assuming
values of Pg eand Tz end solving for Ap. The term

L(2000 - ‘I‘3), P3» is the burner efficiency 1;, eand requires the
use of a burner-calibra.tion curve similar to figure 11.

The acceleration control (fig. 20), which limits the burner-
discharge temperature, consists of the followlng: (1) a balanced-
diaephragm assembly b (subjected to the alr- end fuel-pressure
differentials) that operates a balanced bypass valve oc; and
(2) a pressure-sensitive bellows f subJected to the pressure Pz
and a temperature-gsensitive bellows d anblected to the tempsra-
ture Tz that operate a drum cam e, which in turn varles the

area of valve h. The pilot valve g and the servoplston 1 are
required only if power amplification 1s necessary. The drum cam
embodies the required relation of area Ap to Pz and Tz shown
in equation (A2). The necessary control of fuel flow is obtained
by imposing the fuel-pressure differential from the fuel-metering
valve h across the fuel dlaphragm of the balanced-diaphragm
assembly b.

The acceleratlion control acts to malntaln the temperature at
the maximumm alloweble velue for acceleration. When the governor
has control of the engine, the temperature 1s below this maximum
value and the force on diaphragm assembly b 1is unbalanced in a
direction that keeps bypass valve ¢ closed. If the governor is
get for a higher speed, it causes a sudden increase in fuel flow.
When the fuel flow increases to a value sufficient to obtaln the
meximum allowable burner-outlet temperature, the dlaphragms are
balanced and any further incresse ln fuel flow csuses an unbalanced

w_.:é LY
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force on the dlaphragms, tendling to open bypass valve c. The
governor thus has control of the englne at all times when the speed
of the englne 1s close to the set speed and when the burner-outlet
temperature is below the maximum allowable value. These devices
fulfill requirement 3.

Minimum-fuel-flow control. - The minimum values of fuel flow
that are necessary to prevent unstable burner operation during
steady-state operation end deceleration are shown In figure 19
ag a function of compressor-discharge pressure. A control that
would prevent the fuel flow from falling below the curve of fig-
ure 19 would fulfill requirement 4. The minimum-fuel-flow control
consists of a diapbregm essembly v subjected to the pressure
differentlial from g venturli r Iin the fuel line and to the force
of a spring u, whose datum plane 1s varied by & bellows assem-
bly z subjected to compressor-discharge pressure. When the
fuel-pressure differential from the venturli r 1is at a value
corresponding to the minimum fuel flow for the particular value
of compressor-~discharge pressure, the spring u 1s compressed
sufficiently to center the pilot valve w. Whenever the fuel
flow 1s above or below thls value, the pilot valve operates bypaas
valve q, which 1s In series wlih the governor bypass valve I,
to ad)Just the fuel flow to the required velue. This control is
Ineffectlive a8 long as the governor requires a fuel flow in ekcess
of the specified minimum emount, bub when the governor requires a
fuel flow less than the specified minimum emount this control
comss Into operation to control the fuel flow at the minimum
smount and the governor is out of control. A stop + provides
for the minimum fuel flow at the low values of compressor-discharge
pressure. (See fig. 19.) A cam & controlling the datum plane
of spring u 1is necessary because the relation of pressure differ-
ential to weight flow from a venturi is a second-power function
rgther than a llnesr functilon.

Visual extrapolation of figure 6 shows that an altlitude exists
at which the minimum fuel flow of 1025 pounds per hour selected for
these data causes the engine to run at meaximum speed. Thils state-
ment assumes that the compressor-dlscharge pressure remains ahove
the limiting value for safe burner operation. (See fig. 8.) At
this point there is a cholce in method of conbtrol: to allow the
engine speed to increase beyond the maximum allowable value (the
governor being out of control), or to keep the engine speed at the
meximum sllowable value end allow the engine to enter the region
of unstable burner operstion. The second slternative is prefer-
able because overspeed mey caunse failure of rotating parts. The
control function may be accomplished by causing the governor to

o—— '
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contact the pllot valve w vwhen the governor reaches the maximum
allowable speed and thus open the bypess valve g and prevent the
speed fram exceedling the meximum allowsble value. The engine speed
at which the govermor contacts the pilot valve w, however, must
be slightly higher than the maximum speed determined by the stop k
on the governor-setting lever 1n order that, when set for maximum
speed during normal operabting condltions, the governor does not
attempt to control bypass valves 1 and gq simultaneously. The
meximum speed as determined by the point at which the governor con-
tacts the pilot valve w would then be the maximmm allowable engine
speed. and would be obtalned only when an alitlitude 1ls reached at
which the minimum fuel flow would cause the engine to run at this
meximum speed.

Starting, 1dling, end stopplng controls. - The engine may be
started by setting valve a to the manual position (fig. 20),
advancing the governor-setting lever upon the attalmment of start-
ing speed, and then reducing the setting to the 1dle positlon
after the engine starts.

The control shown in fligure 20 1s based on the agsumption that
the minimum fuel flow as regulated by the minimum-fusl-flow control .
wlll correspond to the 1dling fuel flow of the engine abt sea level.
For englnes in which the minimum fuel flow does not correspond to
the 14iing fuel flow, a linkage must be provided on the governor-
setting lever so that, when the governor-setting lever ls against
the 1ldle stop, the linkage positions the datum plane of spring u
to obtain the idling fuel flow. This linkage should be so designed
that it is effective only when the pilot's control lever is set to
the idle position.

The engine 1s stopped by turning velve a ito the shutoff
position.

Emergency control. - Emergency control of the englne is provided
by a bypass line cénbtrolled by valves a and ] and check valve y.
In the event of fallure of the normal fuel-control system, the emer-
gency system ls put 1nto operation by wvalve a. The emergency con-
trol valve J is then operated by the same lever used to control
the engine with the normal fuel control.

hcs %0 0N
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APPENDIX B

TYPICAL CALCULATIONS

Steady-state operating characteristilcs. ~ The data used for
plotting figures 2 to 7 were obtained from typical operating data
for a direct-coupled turbojet engline installed 1n a high-speed
alrplane, typlcal operating data for a turbojet burmer (refer-
ence 3}, and typlcal engine static data (reference 4). These data
are presented as curves In figures 8, 11, 12, and 21 to 24. In
some cases the curves had to be extrapolated to extend the range

of calculations. These extrapolations are shown by dotted lines.

Engine speed, air flow, and fuel flow for various flight
conditions, - In the calculatlions for figures 2 to 6, altitude and
alrplane speed were consldered the maln parasmeters affecting engine
performence. The pressure and the tempersture ahead of the com-
pressor were determined for various fllight speeds and altitudes.
(NACA standard atmosphere end 100-percent ram-pressure recovery
wore used.) The equations used for total pressure and temperature
at the 1nlet to the compressor were

and

vhere
Pl atmospheric pressure
atmospheric density
Vl alrplane speed
g acceleration of gravity
a local velocity of sound
W, SEFFE S
GRS
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Ty  abtmospheric temperature

v retio of speciflc heats of alr at constant pressure and con-
stent volume :

The required thrust (drag = net thrust) for each flight condi-
tlon was determined fram figure 21. Then the engine speed to give
that net thrust was found from figure 22. When the engine aspeed
and the compressor-inlet conditions were known, the alr flow and
the fuel flow were resd from figures 12 and 23,

Burner-outlet temperature and tempersture rise for various
flight conditions. - The conditions et the compressor discharge
vwore determined from the relation of campressor pressure rabtlo and
engline speed shown In figure 24. When compressor pressure rabtlo
was corrected for compressor-inlet tempergture varlation and an
adisgbatic compressor efflclency of 73.3 percent was used (refer-
ence 4}, the temperature after compression was determined from

z-1
7
P_5> -1

P
T = Tg + Ty <2 (B1)

e

where
T compressor efficiency

Burner-outlet temperature was then found by adding to the
burner-inlet temperature the temperature rise in the burner, which
was calculated by

(B2)

The value for h waes assumed to be 18,400 Btu per pound and the
value of the over-all c¢p Wwas assumed to be 0.26 Btu per pound °R.

Inssmuch as the burner efficiency 1s a function of T, - Tz,

a trisl-and-error method of solution of equation (B2) was used.
The burner-outlet temperature for varlous flight condiltions is
first uged In figure 3 and the burner temperature rise is flrst

uged in figure 9.
!- i':'. IR
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Accelergtlon characteristics. - The maximum alloweble fuel
flow for acceleration as a function of N, P,, and T, for fig-
ures 13 to 15 was obtained by calculations mede with the assump-
tion that during acceleration the burner-outlet temperature waa
meintained at 2000° R.

At the assumed value of N, the pressure ratio Pz/Pp is
determined for the assumed value of Ts; by correcting figure 24
according to the method previously described. The value of Pz
may then be determined for the assumed conditions of N, Ps,
end Tp. The value of Tz +that corresponds to the assumed inlet

conditions is then calculated by equation (Bl). The alr flow that
corresponds to the assumed inlet condition ls determined by use.
of figure 12, The fuel flow necessary to obtaln the assumed
burner-outlet temperature is given by eguation (5), rearranged as

W, (2000 - T3)
¥ = 75,800 n, - 2000 + T3

(B3)

The term Ty may be determined fraom the burner pressure P; and
the temperature rise 2000 - Tz by use of figure 11l. The computed
values of W, and Tz and the efficiency T, are then substl-
tuted in equation (B3) to obtaln the fuel flow necessary to obtain
a burner-outlet temperature of 2000° R for the assumed conditions
of N, Pp, eand T,. Figures 13 to 15 were plotted by using the
values of fuel flow obtalned by this method for a series of wvalues
of N, P, and Tg.

Figure 16 was plotted for calculations made when equation (B3)
13 rearranged in the following manner:

We 70,800 m,

= g - (B4)
W, = 2000 - Tz

where W&/Wf is the alr-fuel ratlo required to maintailn a burner-
outlet temperature of 2000° R. When values of Tz for constant

values of Pz are agsumed, the alr-fuel ratlioc can be obtained from
equation (B4) and figure 11.

Deceleration characteristics. -~ In order to determine whether
establishing a minimum fuel flow for steady-state conditlons would

",“-_ - LaF
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also serve to prevent unsteble burner operation during deceleration,
calculations were made to determine the probable values of burner
temperature rise when the fuel flow wes instantaneously reduced from
e steady-state value to the minimum value of 1025 pounds per hour.
These calculatlions were as follows: At each of the steady-state
polnts of altitude and alrplane speed, the wvalue of burner tempera-
ture rise was determined by a trial-and-error solubtion of egqua-
tion (B2) and from figure 11, with values of compressor-discharge
pressure and alr flow corresponding to the steady-state wvalues.

The asccuracy of the values of burner efflciency and temperature
rise so obtalned 1s doubtful because of the necesslty of extreme
extrapolation of the burner-efflcliency curve. However, In scme
cases, the assumption of a burner efflciency of 100 percent would
8t11l result in & burner temperature rlse below the burner-stabillty
limits of figure 8. The regulred extrapolation Indicates the need
for complete burner data and flight correlastion data as a preregui-~
site to the design of an antomatlc englne conbrol.

Because the results of these calculations indlcate that a
minimum fuel flow of 1025 pounds per hour would not prevent unstable
burner operation during deceleretion fram low-altitude and high-
alrplane-speed, conditions, calculgtlons were made to determine the
minimum alloweble value of fuel flow during deceleration from each
of the steady-state conditions. For these calculations, the lower
alloweble limit of burner-temperature rise was taken as 25° F
above the curve of figure 8. (This assumption glves a safety
factor of 25° F.)} At each steady-state condition the values of
alr flow, compressor-dilscharge pressure, and the value of burner
temperature riss (from filg. 8) plus 25° F were substituted in
equation (B2) and the equation was solved for the fuel flow. The
results were used to plot figure 19.
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Fuel flow, lb/hr
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operation. (Limlting curve of burner operation taken from fig. 3 of reference 3.)
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Figure 12. = Alr flow as function of engine speed, compressor-inlet pressure, and
compressor-inlet temperature. Engine speed N, rpm; compressor-inltet pressure Pp,
pounds per square inch absolute; compressor-injet temperature Ta, ©R; air flow

¥a, pounds per second. (Curve taken from Lockheed Alrcraft Corporation data.)
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fa) Compressor-intet pressure, 17,5 (b) Compressor-inlet pressure, 5
pounds per square inch absolute. pounds per square inch absolute,

Flgure 3. ~ varlation of fuel flow with englne spead and compressor—inlet temperature for two conditions
of comprassor~Inlst pressure, based on maximum allowable burner-cutlet temperature of 2000° R,
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{b} Engine speed, 8000 rpm,

{a) Engine speed, 11,500 rpm,

Figure |5, = Variation of fuel flow with compressor-inlet temperature and compressor~inlet pressure for
two condlitlons of engine speed, based on maximum al lowable burner-outlet temperature of 2000° R,
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Flgure 17. - Burner characterlstics ohbtalned when accelerating to burner-outlet tem-
perature of 20000 R from steady-astate conditlons superimposed on limiting curve of
burner operation. (Limiting curve 'of burner operation taken from fig. 3 of reference 3.)
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